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1. Introduction

Abstract. The van Genuchten model (1980) is widely used for the description of the
Soil-Water Characteristic Curve (SWCC) of a variety of soils. This study uses the Genetic
Programming (GP) for the presentation of equations estimating the van Genuchten (vQG)
model fitting parameters for unsaturated clean sand soils. Moreover, this study uses the
data derived from the valid dataset of Benson et al. [Benson, C.H., et al. “Estimating van
Genuchten parameters a and n for clean sands from particle size distribution data”, ASCFE
GSP, pp. 234-235 (2014).], including 95 measured SWCCs in both drying and wetting
phases. The data on the particle size distributions includes the fine-grain percentage (fines
%), deo, dio, besides the residual and saturated volumetric water contents (0, and 0),
as the GP model inputs of the set of terminals. As for the model outputs of the set
of terminals, the fitting parameters for the vG model include a and n. The functions
used in the GP training are ‘plus’, ‘minus’, and ‘times’ taken from the MATLAB default
functions; ‘mydivide’ proposed by Silva [Silva, S. “GPLAB: A genetic programming toolbox
for MATLAB”, Available at http://gplab.sourceforge.net, Coimbra, Portugal (2007)]; and
some other new power functions included in this study. Accordingly, new equations are
presented for the estimation of vG model fitting parameters for both forms of wetting and
drying. Finally, to evaluate the accuracy of the proposed estimation equations, the GP
results are evaluated and verified in different procedures.

(© 2018 Sharif University of Technology. All rights reserved.

It describes the relationship between the amounts of
water in the soil structure and the matric suction in the

Soil-Water Characteristic Curve (SWCC) is one of the
widely used concepts in the earth-related sciences and,
particularly, in the mechanics of unsaturated soils.

*, Corresponding author. Fax: +98 6633243999
E-mail addresses: am.taban@gmail.com (A. Taban);
msadeghi@icht.ac.ir (M. Mirmohammad Sadeghi);
mohamali@cc.iut.ac.ir (M.A. Rowshanzamir).

doi: J10.24200/sc1.2017.420¢

soil. Many analyses and numerical studies of unsatu-
rated soils depend on the SWCC. Such expressions as
the volumetric water content, the degree of saturation,
and the normalized water content are used for the
amount of water within the soil [1].

There are various methods for the measurement of
SWCC, many of which are costly and time-consuming.
However, they are different from each other in terms
of the capability of measuring different ranges of the
suction. Some measurement methods that directly
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measure the SWCC are the hanging column, the
Pressure Plate Extractor (PPT), the chilled mirror
hygrometer, and the centrifuge, which directly measure
SWCC through the procedure explained in ASTM
D6836 [2]. In contrast, there is another group of
experiments which measure the values indirectly, e.g.,
filter paper, heat dissipation, thermal conductivity
sensor technique, chilled-mirror, hygrometer technique,
etc. [3]. These methods of suction measurement mea-
sure different ranges of suction values. In addition to
ASTM D6836 [2], more precise details of experiments,
such as Pressure Plate Extractor (PPT), have been
presented by many researchers, including Wang et al.
(2016) [4], in their studies.

It should be noted that the SWCC can be mea-
sured under two conditions: wetting (when the water
flows into the samples) and drying (when the water
flows out of the samples). In this way, there may be
two suctions in a single soil for a specific amount of
saturation; this will be explained in more details in the
next section.

Different models have been introduced in the
field of SWCC in recent decades. Among the notable
SWCC models, one can mention the ones proposed by
Books and Corey (1964) [5], van Genuchten (1980) [6],
and Fredlund and Xing (1994) [7]. More recently,
tens of models, for example those proposed by Kosugi
(1999) [8], Omuto (2009) [9], and Krishnapillai and
Ravichandran (2012) [1], among others, have been
proposed on the basis of early models. One of the
most widely used SWCC models is the one proposed
by van Genuchten (1980) [6]. This model can be used
for a wide range of disturbed and undisturbed soils
from the fine-grained to coarse-grained types of soil.
The present study deals with the estimation of fitting
parameters of vG model by means of the particle size
distribution data and by means of the capabilities of
Genetic Programming (GP).

2. The van Genuchten SWCC model

The van Genuchten model shows the relationship be-
tween the normalized water content and the suction in
the form of Eq. (1):

(0 —6,) 1
S= = . m=1-1/n, (1
6.8 [+ @] fr-
where S is the normalized water content, which is a
. . _ (0-0,)
dimensionless parameter, expressed as S = (OESE

and @ is the volumetric water content. Indices r and
s in 8, and 6, denote the residual and the saturated
volumetric water contents, respectively. v is the suction
in the unit of kPa, and a and n are the fitting
model parameters. Parameter a is the value related
to the air entry value, n is the value related to pore

size distribution, and m is the value related to the
asymmetry of the model [6].

Figure 1 shows a picture of the typical SWCC
related to the sand soil. This figure is for the under-
standing of many basic concepts of SWCC. It shows
two curves: the curve of wetting phase and the curve of
drying phase. As it was said above, two different values
of suction are obtained (i.e., ¥; and 19) for a specific
amount of volumetric water content (here, 8§ = 15%).
This clearly shows that there is a difference between
the drying and wetting forms of the SWCC. Although
the drying and wetting phases are different, many
numerical analyses use only one of the phases for the
description of SWCC [1,5-7,10]. However, the present
study focuses on both phases for the determination of
SWCC.

As Figure 1 shows, the air-entry value in the
drying phase is related to the amount of suction, which
is concurrent with the air entry into the largest pores
in the unsaturated soil. Moreover, this figure shows
the water entry value for the wetting phase. The
water entry value, on the wetting SWCC, is defined
as the matric suction at which the water content of the
soil begins to significantly increase during the wetting
process [11]. The residual water content is the amount
of water where a big change in the suction is needed
for the removal of water from the soil. The saturated
water content is, in turn, the volumetric water content
of the soil at its fully saturated state corresponding
to the minimum value of the suction. Figure 1 also
shows the three zomes (i.e., Zone I, Zone II, and
Zone I1T), which are known as capillary saturation zone,
desaturation zone, and residual saturation zone [7,1].
As it was mentioned above, various studies have been
conducted on different aspects of SWCC. In order to
estimate the SWCC, Arya and Paris developed a model
called the physicoempirical model in 1981 [12]. Their
model managed to estimate SWCC by means of the
Particle-Size Distribution (PSD), the particle density
property, and the bulk density of the soil. Simms
and Yanful (2002) [13] presented a method, which used
the pore-size distribution (POSD) for the estimation of
SWCC of compacted plastic soils. Their method took
into consideration the influence of pore geometry on
SWCC. Romero and Simms (2008) [14] dealt with the
relationship between the soil microstructure and the
SWCC. Ghanbarian et al. (2015) [15] studied the effects
of sample dimensions on the SWCC in their fascinating
research. Wang et al. (2016) [4], in turn, focused
on the pore-size distribution (POSD) of soils with an
emphasis on the role it could play in the SWCC. In
recent decades, many efforts have been made for the
determination of fitting parameters of the SWCC mod-
els. Most methods of SWCC estimations are based on
the measurement of water content corresponding to the
suction on the basis of soil properties data and particle
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Figure 1. A typical SWCC and its specifications at the two phases of drying and wetting.

size distribution by means of such common statistical
methods as the regression analysis. In order to estimate
the fitting parameters of two SWCC models proposed
by Brooks and Corey (1964) [5] and van Genuchten
(1980) [6], some equations were developed by Rawls et
al. (1991) [16] through statistical regressions. These
equations could estimate the fitting parameters of van
Genuchten by using the percentages of clay, sand,
carbon, and the bulk density of soils. The use of
such factors as organic matter would limit the use
of equations developed by Rawls et al. (1991) [16].
However, these equations have not been designated
for a specific soil type, and this is their significant
weakness. In 2000, Zapata et al. [17] developed some
equations for the estimation of the SWCC model fitting
parameters proposed by Fredlund and Xing (1994) [7]
through statistical regressions. These equations were
divided into two distinct groups on the basis of Plastic
Index (PI) of the soils. For the soils with PI > 0,
Zapata et al. (2000) [17] proposed some equations for
fitting parameters of the SWCC model proposed by
Fredlund and Xing (1994) [7], which were a function
of the product of pass percentage of sieve #200 (w)
and that of PI (i.e., w.PI). However, for granular soils
with (PI = 0), the equations developed by Zapata
et al. (2000) [17] were only functions of dgy (or the
grain diameter equal to 60% of the passing in terms of
weight or of mass (mm)), but these equations ignored
the influence of such significant parameters as the pass
percentage of sieve #200. Since the percentage of

fine grains has a significant effect on the behavior
of unsaturated soil, there will be an inappropriate
prediction for the proposed equations with (PI = 0) if
one ignores the pass percentage of sieve #200. Based
on the characteristics of particle size distribution of the
clean sands, Benson et al. (2014) [18] proposed separate
equations for the estimations of the fitting parameters
of van Genuchten SWCC model for both wetting and
drying phases. These equations were just functions of
the two parameters of dgy and C, = dgo/dyp of clean
sand soils. The procedure adopted by Benson et al.
(2014) [18] (Benson’s PTF) is as follows: Assuming
C, = 1, an initial value of a fitting parameter of van
Genuchten SWCC model is first estimated by means
of two statistical equations (that is, a;, = 1.993deq
for the wetting phase and a;y; = 1.354dgy for the
drying phase) proposed by Benson et al. (2014) [18].
The obtained initial a values are then corrected by
means of a coefficient in the form of (N, = 0.99C, -5
for both drying and wetting phases). At the end,
using the equations a,, = a;,N, and aq = a;4Vg,
the final estimated values of the fitting parameters
will be calculated for both wetting and drying phases,
respectively. A similar procedure was also proposed by
Benson et al. (2014) [18] for the estimation of the values
of n fitting parameters of van Genuchten SWCC model
for both wetting and drying phases.

Among the equations proposed for the estima-
tion of fitting parameters of van Genuchten SWCC
model, each had a serious weak point. The weak



A. Taban et al./Scientia Iranica, Transactions A: Civil Engineering 25 (2018) 2026-2038 2029

points, of course, were separately specified when the
equations were introduced. In addition to the weak
points specified above, a common weak point in all
the equations is that they use the old and ordinary
statistical methods of estimation. Compared with
the intelligent machine learning methods, these old
statistical methods of estimation seemed to be very
inefficient. However, some other efforts were based
on the SWCC estimations by means of the machine
learning methods [19,20]. By means of GP, therefore,
the present study uses the particle size distribution
data of clean sand soils, including fines%, d1g, and dgo
in addition to using 6, and 6, in order to present some
equations for the estimation of fitting parameters a and
n of the vG model. The necessary experiments for
obtaining the particle size distribution are simple and
economical, and they take less time than the direct and
indirect SWCC experiments [21].

3. An outline of GP

GP is a generalized branch of the Genetic Algorithm
(GA). Inspired by the Darwinian Theory and the
Mendelian genetics, GP is capable of solving difficult
mathematical problems. GP is different from GA in
the way it deals with individuals. In GA, individuals
are in the forms of linear strings with fixed lengths, but
in the GP, they are nonlinear with different sizes, and
they are known as the tree structure. Tree structures
consist of a set of functions (such as the mathematical
functions used in equations) and a set of terminals (that
is, variables of a problem and constants). Before GP is
run, the user should do the following basic procedures:

a) Determining the set of terminals and the random
constants;

b) Determining the set of functions used in the equa-
tions;

c) Selecting the fitness functions for the evaluation of
equations;

d) Determining the parameters that control the pro-
gram running, such as the population size, and
other details;

e) Determining the finishing criterion and the results
of program running.

The step-by-step procedure for the running process of
the GP is as follows:

1. Generation of an initial population from the for-
mulae developed from random combination of the
set of functions (the mathematical functions used
in the formulae) and set of terminals (variables of
a problem and the constants);

2. Evaluation of each of the individuals by means of
the fitting functions;

3. Generation of a new population of formulae, which
is followed by a progressive trend for the generation
of a new population:

A) One of the genetic operators, i.e., crossover,
mutation, or reproduction, will be selected
(these three genetic operators are the main
genetic operators, which are used in GP);

B) An appropriate number of individuals in the
present population will be selected (the selec-
tion of individuals will be on a random basis in
which the individual with a better fitting will
be preferred to the unfit ones, and this does
not mean that the unfit individuals have to be
removed);

C) The selected genetic operator will be used for
the generation of children;

D) The generated children (i.e., the new formulae)
will go into a new population;

E) The resulting model will be evaluated by means
of the fitting function.

4. Repeating Step 3 until the maximum number of
generations is achieved [22,23].

In order to train the GP, one has to select and classify
the appropriate datasets, which is done in the following
section. Figure 2 shows the flowchart of GP solution
process. This figure gives a better knowledge of how
GP can solve a problem.

4. Dataset

This dataset includes the data of 95 measured SWCCs
of fine-to-coarse-grained clean sand soils with differ-
ent particle size distributions and properties. The
measured SWCCs were collected and classified from
17 different reliable sources and, for this reason, the
dataset enjoys an appropriate diversity. Precise soil
gradation experiments were conducted on the samples,
and the values were recorded in terms of Fbog, do,
deo, and C, = dgo/d1p in accordance with ASTM
D422 [21]. In order to precisely measure the SWCC of
each sample, appropriate standard experiments were
performed (ASTM D6836) [2]. For both phases of
drying and wetting, separate SWCCs were measured
and recorded for each sample of sand soil. In order
to fit the above-mentioned values of suction and its
corresponding volumetric water content, Eq. (1) was
used [18]. In the dataset collected by Benson et al.
(2014) [18], some samples have just the drying data,
some others have just the wetting data, and some
others have the two types of data. For this reason,
the present study divided Benson’s initial dataset
into two parts, namely, the drying phase and the
wetting phase. Inspired by different reliable studies,
for example, Johari et al. (2006) [19], Garg et al.
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Figure 2. Flowchart of GP solution process.

Table 1. Ranges of the GP model’s set of terminals.

Pi t
SWCC phase GP inpu -
dso (mm) dio (mm) (o) Fines% 0, 9,
Drying phase 0.14-3.5 0.02-4.83 0.72-30 0-28 0.3-0.55  0-0.13
Wetting phase 0.05-1.52 0.02-1.07 1.0-1.07 0-28 0.33-0.44 0-0.11

*. Note that C,, parameters are not considered to be the inputs of GP.

(2014) [20], and Parasuraman et al. (2007) [24], which
selected a database and, then, randomly differentiated
it into two distinct datasets, i.e., training and testing
datasets, the present study divided Benson’s database
into two distinct datasets consisting of the training and
testing ones. In order to evaluate the GP results, about
20% of the initial dataset was separated for evaluation
purposes, as shown in Table 3. Clearly, there is no use
of any sample data of testing dataset for the training
in the present study. For almost all similar studies
on development engineering areas, and especially for
unsaturated soils, which have considerable limitations
of valid databases, it is very common to use the above-
mentioned procedure.

Table 1 shows the range of datasets used as
GP inputs for the two drying and wetting phases of
SWCC, respectively. Given that these GP equations
are approximations, Table 1 can give an appropriate
perspective for reliable application. By means of the

above separate datasets, the GP was developed for
obtaining the vG SWCC fitting parameters.

5. The running of GP for van Genuchten
fitting parameters

After the initial dataset was divided into two separate
phases, GP running was also divided into separate
wetting and drying phases. Five values (djo, dio,
Fop0, 0,4, and 6,) were used as parts of the set of
terminals. Based on previous experiences, moreover,
the random function was used for the generation of
some fractions and numbers. In order to define the
set of functions, the default MATLAB functions (i.e.,
minus, plus, times) were used. In order to define
the division function, the function proposed by Silva
(2007) [23] (‘mydivide’) was used [23]. One of the
characteristics of the present study is that it defines
new functions for the power under “tpower2” up to
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Figure 3. Variation of size for fitting parameter a (drying
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“tpower9”, by means of which the terms of generated
formulae will be limited to the powers of the integers
from 2 to 9 excluding fractions. These new powers
are proposed in the present study in order to avoid the
complications of the formulae which use the “mypower”
function proposed by Silva (2007) [23]. This became
possible after many trials and errors. The new power
functions could decrease the complexities and, conse-
quently, the sizes of nodes. The initial population in
the present study was assumed to be 100 for the GP
running. This selection of initial population was based
on the expected decrease in nodes and the decrease
in complexity of the generated formula. The present
study used the crossover and mutation operators in the
process of estimating the a and n fitting parameters
for both phases of drying and wetting. The depth of
trees was limited to 17, and the mode of lexictour was
used for the selection of reproduction [23]. After some
trials and errors, it became known that the increase in
initial population could considerably decrease fitness
and increase the precision of the generated formula,
although it increased the size of the formula. For
this reason, the initial population was designated to be
1000, and the GP was let to run up to 5000 generations.
As Figure 3 shows, the fitness was almost fixed at about
Generation 770. Clearly, this had a good agreement
with the appropriate fixation of the formula size at
Generation 770 (Figure 4). For this reason, the run
was stopped at Generation 1000 for the process of
estimating the a fitting parameter at the drying phase.
Finally, the best formula with the optimal fitness was
selected among the generated formulae in the last 230
generations (that is, generations 770 up to 1000). (Note
that both figures show the ranges of variation of size
and fitness for generation 200 and beyond. For the

22
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20 | (drying phase)
18 |
16
14
w
3
g 12
= The steady range of
10 the fitness variation
8 L
6 A
L 4 A 2 4
4k
2 L L L
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Generation

Figure 4. Variation of fitness for fitting parameter a
(drying phase).

calculation of other fitting parameters, a similar trend
was adopted. However, the space was limited and,
therefore, it is not possible to present the detailed
curves, here, showing the variations of size and fitness
of other parameters.)

6. Results and discussion

6.1. The GP model equations for vG fitting
parameters a and n

Following the above procedure, separate equations were
finally generated by GP for the estimation of each of the
a and n values at the drying and wetting phases. The
generated equations were in the forms of lengthy prefix
equations including such functions as minus, plus,
times, tpower2 up to tpower9, ‘mydivide’, and different
constant numbers, which were ultimately presented
in the forms of infixes and repeatedly simplified into
Eqs. (2) and (3) for the phase of drying and Eqs. (4)
and (5) for the phase of wetting (Table 2). As it was
said above, the equations seem to be rather lengthy,
but one can easily use them through different pieces of
software for the estimation of clean sand SWCCs.

6.2. Verification of the results of the proposed
GP model equations
This section deals with the results of the proposed
equations of the GP model (Table 2). To this end, the
predicted results of the GP model will be presented
in Table 3 for the selected testing datasets. In
addition to the a and n values obtained from precise
measurements, the datasets of the two phases include
the predicted values of PTF (pedotransfer functions)
equations developed by Benson (2014) [18]. Table 3
shows the results of the SWCC fitting parameters
measured in the laboratory. The table also shows
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Table 2. The proposed GP model equations for the vG fitting parameters.

GP of van Genuchten SWCC fitting parameters

ag = ((0.09305 4+ ((((1% % (((A* ((3—A)*) + (B -
+(B —0.125)) + (B —

#((A — B+ 0.10008) * .5)) +.125 — I + B) x .3))®
((0.50674° % (A+.1—2% E — E/D)) *

*((4—E+4+A)«*BxC)xBx(C))+
J(D* + (1% A%)® 5 1% (A —

0.52928/((((.1/((A =2 % .57 —0)))/0.34447%)
(E/((0.37562%)/D))® +
—((D/(((((D/(B/A/.1))].1) = B]A)]A)/B))[A)) +
1))/.1) = B/A) + D))))) +
+(D + ((0.162 — ((.1/A4)/((1/C))?6)) + (A/((-.1*
—B/A)+ B/D))—E)+ (A+ ((B —
+((CT=5)x B)) * (A= E))+ AT)))))) +
aw = (B+ (((C* (2% B* * (A -

(:5/A+ E)?))
(0.50674/A)")) %1% (A= B))) + (15 (((((((3 = A + A)
% (0.10096 = ((((3 — A)®> +5)

B+ )/ (A% (B*(D—B+(.1/B)* -
+(((1x A% % (1% (A—.1—-B))+(B—-(((D~-
5% % (A — (1 +(0.10008 (A —2% B — (B —.1)/.1+1)))))

) = B/A) +(D)))
D)/(((BJA/((((1/(BJA].1))/(((E/(0.053/D)))* + D)) —
(0.37562 + (((B/A/.1) —
((1 /((( ((1/((C1/((B/A)/.1)/.1) =

(((D/(BJA].1)].1
+((((B/(A=2%D")/.1) - B/D) +
(B+CxE*?))® +2%C x B>+ B+.1+ D%)?*)?)>?

+ ((A % (B —.0001) % (A — B))

C)N)) * D))
1)) +3) +4)))/.19)

(E+(B=.1)/4)

ND) (2)
)

B/A) + D))
((.1/A)/0.37562))

( B/A)+ D)) - E)

— (14 (/BN M/((((D/((BJA)/.1))/.1)

) = (B/A))) + (.1/((E/.1)/((((0.77913 x (A — E))
(£/(0.053/D%)))))) 3)

+((C'* B2 4+ (B 40.1016 + (0.0979 % (B + (D*) x (A +0.598 + D% 2) + (B +.1 +2x E)))?)))
HC* (D= A) + (B4 (+((B+D7)* + (E* ((A=1)/(1 + A)))* + (B + B)))))
+(((D* (24 (D*B)))® x (2+2* E*x (B> - 0.16726)))*)*))%))))
+(((A=(=A+.14+D*3+(E*x((D=1)/(D=A+B))*+(Ax(E—-C)—-8+E)
+((A = 1)/(D +0.43177))*))))) /(D + ©)))® * E)) % .1))) (4)
=(E—-1/A+(E+ ((E—-B/D+ (E+ (B® - B+ (((:-5 — B)®) + (((((E + 0.00195) /(1 — B))
—(B/(((E/0.9996) * B?) — B/A))) + (.1 4+ B/A/.1)) + ((F/0.09996))3)) + E))))
+((((£/0.9996) * A) % (((—(A = (A= B/A)/(A = B/A/D)))))* + ((E/B)°> + ((E/(1L = 2% E))/.1)
*((B/B)® = C)) + (B/.1)%) + ((((:25/(A = (B/A/(D/2/ E))))) — (E/.1)*/(A = (E/B)®)))/4)
—(((((E + D?)/(0.9996 — (C % (E/1.1112)))) * (A — ((E + D*)/B))/A)) — D)
[(((B/(B/(A—=((B/A)/A)))/(A—(B/A/D))) — (B/A/D)))))) — D)))) + £ — B) (5)

Note: A = dgo in mm, B = djg in mm, C' = Fines in percentage, D = 6/,

the results predicted by the GP model equations.
Moreover, it shows the results predicted in Benson’s
(2014) [19] PTF for drying and wetting phases.
Figures 5 and 6 show the evaluation of the
results predicted by the GP model equations versus
the measured values in the two phases. The evaluation
was conducted on the basis of the training and testing
datasets. In each figure, the values of determination
coefficient (R?) have been reported for each evaluation.
The comparisons presented in the figures show that
there is a relatively good agreement between the results
predicted by the GP and the values measured in both
phases of drying and wetting for training and testing
datasets. It is worth mentioning that the equations

and £ =0,.

presented by the GP for the drying phase are to
some extent more precise than those presented for
the wetting phase, and this may be due to the fact
that the drying dataset is more extensive than the
wetting dataset in the present study. For a more precise
evaluation, some comparisons were made between the
results of Benson’s PTFEF and the measured values.
Table 4 shows the evaluation results of Benson’s PTF
and those of the GP model for the two datasets of
training and testing. This comparison indicates that
the results obtained from the GP equations are more
precise than those predicted by Benson’s PTF. This is
particularly true for the estimation of n parameter (in
both phases).
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Table 3. The dataset of testing input parameters, and the measured values, Benson’s PTF prediction, and GP model
predictions for a and n fitting parameters.

Input Measured Benson’s GP
sSwccC PTF predicted
Sample name
phase dgo dio Faoo 6: 0. a n a n a n
(kPa™") (kPa™) (kPa™t)
NW4-coarse sand [25] Drying 0.46 0.21 1.5 0.374 0.031 0.4 3.57 0.41 4.39 0.32  4.37
NW11-silty sand [25] Drying 0.19 0.07 11 0.434 0.098 0.16 4.44 0.15 4.91 0.16 4.19
NW19-fine sand [25] Drying 0.14 0.05 22 0415 0 0.12 3.31 0.11 5.02 0.12 3.72
NW23-fine-coarse [25] Drying 0.21 0.09 7 0.381 0.11 0.18 3.29 0.18 4.88 0.18 4.51
Howe concrete sand [26] Drying 1.09 0.22 1.1 0.349 0.004 0.25 1.13 0.62 3.26 0.39 1.08
Mk96TP15GH 15-16 [26] Drying 3.5 0.4 4  0.341 0.009 2.03  1.48 1.46 1.1 2.03 1.17
Kidston gold mine [27] Drying 0.17 0.02 28 0.395 0.05 0.08  2.24 0.07 4.65 0.08 2.01
Esperance soil [28] Drying 0.3 0.16 0.6 0.39 0.111 0.19 232 0.28 6.51 0.25 2.23
Sand [29] Drying 0.25 0.14 1 0.4 0 0.36 3.51 0.25 7.42 0.24 4.00
Wraith soil 2122 [18] Drying 0.24 0.11 1 0.45 0.13 0.22 7.53 0.21 4.66 0.20 7.60
Boise sand [18] Drying 1.5 0.2 2.3 0.373 0.021 0.5 1.56 0.68 2.66 0.37 1.61
Phoenix sand [18] Drying 0.2 0.1 2.5 0.373 0.027 0.18 4.62 0.19 6.05 0.18 4.84
Green roof sand [18] Drying 2.2 015 5 0544 0 0.26  1.39 0.69 1.83 0.26 1.28
Newcastle sand [18] Drying 0.31 0.17 0.1 0.421 0.015 0.24 233 0.30 6.97 0.26 2.41
Bluebench sand [18] Drying 0.17 0.08 6.6 0.42 0.03 0.18 4.9 0.15 5.22 0.17 4.84
Concrete sand [26] Wetting 0.68 0.2 1 0.35 0.05 0.13 2.4 0.67 3.5 0.19 2.25
Glass beads (0.2 mm) [30] Wetting 0.2 0.2 0 0.366 0.022 0.25 9 0.38 7.67 0.52 8.72
Sublayer (0.5-0.71) [31] Wetting 0.62 052 0 0415 0 1.3 6.23 1.07 6.16 1.28 6.28
Sublayer (0.355-0.5) [31] Wetting 0.44 0.37 0 0.446 O 0.78 7.35 0.76 6.57 0.91 6.72
NW2-coarse sand [25] Wetting 0.84 0.24 2 0.392 0.067 0.61 8.5 0.81 3.31 0.66 7.73
NW11-silty sand [25] Wetting 019 0.07 11 0.434 0.098 0.28  4.39 0.21 4.17 0.32 4.48
NW19-fine sand [25] Wetting 0.14 0.05 22 0415 0 0.28 2.41 0.16 4.24 0.28 2.55
Kidston gold mine [27] Wetting 0.17 0.02 28 0.395 0.05 0.13 2.11 0.1 4.022 0.16 2.11

Table 4. Values of coefficient of determination (R?) and Mean Squared Error (MSE) on the basis of training and testing
datasets for the comparison between the results of GP model predictions versus the measured values and those of Benson’s

PTF versus the measured values.

Benson’s PTF

Benson’s PTF

GP predicted

GP predicted

2 2
vG fitting SWCC (R7) (MSE) (R7) (MSE)
parameter phase Training Testing Training Testing Training Testing Training Testing
dataset dataset dataset dataset dataset dataset dataset dataset
aq Drying 0.928 0.799 0.0775 0.0469 0.985 0.979 0.0108 0.0043
ng Drying 0.407 0.169 3.7477 5.5333 0.931 0.949 0.4951 0.1909
o Wetting 0.896 0.892 0.0685 0.0527 0.948 0.944 0.0175 0.0140
Ny Wetting 0.485 0.077 1.6312 4.6976 0.935 0.991 0.2134 0.1401
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Figure 5. GP predicted values of vG model versus measured values of vG model in the drying phase: (a) Fitting
parameters a (the training dataset), (b) fitting parameters a (the testing dataset), (c) fitting parameters n (the training
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3.0 - 1.4 6,
7/ 2 ’
o0 2.5} R =10.95 ’Q 00 1.2 \}?Vet;il?égihase e
£ Wetting phase Pre B .
prt . £ 1.0 ‘
+ ' 4
Ea 2.0 i L= ,
-
T8 o - T8 0.8 e
To D/ o 7’
=g 1.5 9%
5 4 SE yel
oF @ oz 0.6 »
Qg 1.0 ,' ag o ,/
B o P e 04 ze
@ o o fe
0.5 £ 0.2 8, o
o .
E o
05 1.0 1.5 2.0 2.5 3.0 0.2 04 06 0.8 1.0 1.2 1.4
(a) (b)
9 Q 9 O/d)
0 8t R2=0.4 ,8’ 8F  R?2=0.99 e
k= 7 Wetting phase o' 4 7k Wetting phase 2’
Ec o 2 +0
L6 < ES 6 &
E% ,CP o o Pid
$g 5 36 %*QE-; 5 L
T’ 1
%i 4 (ﬁ "q:J g 4t Jeo)
*
% 3 9@ :‘Q 3 g’,
2 /6 [} 2 /D
e <
1t , 1F -
2 L7
2 4 6 8 1 2 3 4 5 6 7 8 9
(c) (d)

Figure 6. GP predicted values of vG model versus measured values of vG model in the wetting phase: (a) Fitting
parameters a (the training dataset), (b) fitting parameters a (the testing dataset), (c) fitting parameters n (the training
dataset), and (d) fitting parameters n (the testing dataset).
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6.3. Complementary verification of the results
of GP equations

So far, each fitting parameter has been separately
evaluated in the previous sections. This section deals
with the effects of the vG model fitting parameters
on the shape of SWCC. For more verification of the
equations presented in the GP for the vG fitting
parameters, the results of equations are compared with
the SWCC experimental data presented in some well-
known references. In Figures 7 to 10, one can see
the results of GP equations compared with the SWCC
experimental data in those samples. These figures also
show the results of Benson’s PTF.

As Figure 7 shows, the results of equations pre-
sented in the GP in the drying phase have a very good
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Figure 7. SWCC predicted by the GP model equations
and Benson’s PTF prediction compared with the
experimental data for Kidston Gold Mine sample.
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Figure 8. SWCC predicted by the GP model equations
and Benson’s PTF prediction compared with the
experimental data for sand sample.

2035

agreement with the results obtained from the SWCC
experimental data, and this is very interesting in that
the sample has a relatively high percentage of fine
grains (Fyoo = 28%). Figure 7 shows that although
Benson’s PTF is relatively precise in the prediction of
parameter a, it does not have a good agreement with
the experimental data since the parameter n predicted
by Benson’s PTF does not agree with the experimental
data (the measured values in Table 3). The disagree-
ment is more pronounced in Zone I (Figure 1). Figure 8
shows the comparison between the predicted results of
the GP equations and the SWCC experimental data
of a clean sand soil sample with a low percentage
of fine grains. This figure also shows a relatively
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Figure 9. SWCC predicted by the GP model equations
and Benson’s PTF prediction compared with the
experimental data for concrete sand sample [32].
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Figure 10. SWCC predicted by the GP model equations
and Benson’s PTF prediction compared with the
experimental data for NW11-silty sand sample.



2036 A. Taban et al./Scientia Iranica, Transactions A: Civil Engineering 25 (2018) 2026-2038

good agreement between the results obtained from the
GP equations and the measured values. (Note that
Figure 8 shows suction variations versus the degree of
saturation, rather than the volumetric water content.)

Figure 9 shows the comparison between the re-
sults predicted by the GP model equations and those
obtained from the experimental data in the wetting
phase. This figure shows that there is a relatively good
agreement between the results predicted by the GP
model equations and those obtained from experimental
data. Clearly, the figure shows that the Benson’s
PTF results do not agree with the experimental data.
Figure 10 shows the comparison between the results
of the experimental data in the drying and wetting
phases for a silty sand sample. In this figure, the
results predicted by the GP model equations for the
SWCC estimation show that there is a relatively good
agreement between the results predicted by the GP
model equations in the two drying and wetting phases
and the experimental data. In this figure, one can
see a relatively good agreement between the results
predicted by Benson’s PTF and the experimental data
in the drying phase. However, there is no good
agreement between Benson’s PTF predictions and the
experimental data in the wetting phase. Moreover,
the figure shows that there is no agreement between
Benson’s PTF predictions and experimental data in the
drying phase by the few values of suction in Zone I
(Figure 1). To some extent, this is true for the
comparison between the results predicted by the GP
model equations and the experimental data. However,
there is a good agreement between the results predicted
by the GP model equations and the experimental data
in the wetting phase. (Note that the ‘matric suction
(kPa)’ in the present study has been used instead of
‘tension head (cm)’ in the original reference.)

7. Conclusion

Given that SWCC measurements are costly and time-
consuming, researchers are increasingly paying atten-
tion to the equations which estimate the SWCC. Using
the GP capabilities, the present study gave some
equations for the estimation of fitting parameters of vG
SWCC. The characteristic feature of the present study
was that it used GP as a very powerful instrument
for solving complicated mathematical problems. The
selection as well as the classification of an appropriate
dataset can have considerable effects on the whole
process of GP training. To this end, the present
study selected its dataset from reliable sources, and
it distinguished between the two phases of drying and
wetting. The initial population was selected to be
1000 through trials and errors, and the operators were
designated to be crossover and mutation. Moreover,
new power functions (i.e., ‘tpower2’ up to ‘tpower9’)

were defined for the GP training. When one compares
the results predicted by the GP equations with those
obtained from the precise experiments, and compares
the GP results with those predicted by Benson’s
PTF, one will see that there is a relatively good
agreement between the proposed GP equations and
the real experimental data. This agreement is higher
for the SWCC prediction in the drying phase than
in the wetting phase. A weakness of the proposed
GP equations was that they were relatively lengthy
equations as compared to other methods of estimation,
such as the PTF developed by Benson (2014) [18].
Generally speaking, one can outline the advantages of
the equations proposed in the present study over those
presented in previous studies as follows: the use of
easy-to-obtain soil parameters, no use of old statistical
regression methods, the application of GP machine
learning method whose efficacy has been proven in
similar studies, the consideration of fine-grain percent-
age in the soil (as compared to the methods proposed
by both Zapata et al. (2000) [17] and Benson et al.
(2014) [18] for sand soils), and the focus on a specific
class of soil (that is, clean sand). These advantages will
increase the accuracy of the GP equations proposed in
the present study. Unlike the methods proposed by
Rawls et al. (1991) [16] and Zapata et al. (2000) [17],
GP equations take both phases of wetting and drying
into consideration. Moreover, the GP equations are
more appropriate than those presented by Benson et al.
(2014) [18] for the prediction of fitting parameters of
the SWCC, and this is particularly true for parameter
n of the soils with high C,. Moreover, one should
expect that the equations work for certain ranges such
as those mentioned in the text, for example, for clean
sand soils or the sand soils with low fines, and they
may not necessarily work for every range of soil sample
properties. This does not mean that the GP model
equations are not able to eliminate the limitations
of previous equations. It has indeed resolved many
limitations of other equations. However, it is a fact
that the GP model equations have a defined capability,
and that one should not expect the proposed model to
be efficient for any type of soil.
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